Over the last few years, several novel proteins have been identified that facilitate the physical integration of the nucleus with the cytoplasmic compartment. The majority belong to the evolutionarily conserved KASH [klarsicht/ANC-1 (anchorage 1)/SYNE (synaptic nuclear envelope protein) homology]-domain family, which function primarily as exclusive outer nuclear membrane scaffolds that associate with the cytoskeleton, the centrosome and the motor protein apparatus. In the present paper, we propose a novel model, which may explain why these proteins also determine nuclear architecture. Moreover, we discuss further nuclear membrane-tethering devices, which indicate collectively the presence of specific molecular mechanisms that organize the cytoplasmic-nuclear membrane interface in mammalian cells.
Introduction
The nucleus is the largest organelle in eukaryotes, encapsulated by two concentric membranes, the INM (inner nuclear membrane) and the ONM (outer nuclear membrane), that are joined together by porous channels, the NPCs (nuclear pore complexes). Together with the underlining nuclear lamina, a meshwork of nuclear intermediate filaments (i.e. lamins), these structures form the NE (nuclear envelope) (reviewed in [1, 2] ). The NE is a hallmark of the eukaryotic cell, which separates structurally and functionally the nucleoplasmic and cytoplasmic compartments. Although the NE is a selective barrier, it is still an integrated cellular entity, which is hardwired with the rest of the cell [3, 4] .
The vital significance of the NE is underpinned by several NE-protein mutations (particularly in lamin A/C) that cause a wide variety of hereditary human diseases including various forms of premature aging, collectively termed nuclear envelopathies (reviewed in [5, 6] ). Nevertheless, the NE still remains one of the least characterized cellular structures. This holds particularly true for the ONM, where a handful of constituents have been identified so far. The vast majority are members of the KASH [klarsicht/ANC-1 (anchorage 1)/SYNE (synaptic nuclear envelope protein) homology]-domain protein family.
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The KASH-and SUN [Sad1 and UNC (uncoordinated)-84 homology]-domain protein family
The KASH-domain family includes Kms1 in Schizosaccharomyces pombe, interaptin in Dictyostelium discoideum, ANC-1, UNC-83 and ZYG-12 in Caenorhabditis elegans as well as klarsicht and MSP-300 (muscle-specific protein 300) in Drosophila melanogaster (reviewed in [7, 8] ). In mammals, three KASH-domain proteins are represented, termed nesprin-1, -2 and -3 [8, 9] . A hallmark of the protein family is the C-terminal KASH domain, which contains a single transmembrane segment, followed by an evolutionarily conserved sequence (9-32 amino acids), located in the PNS (perinuclear space). The KASH domain is necessary and sufficient for NE targeting [7, [10] [11] [12] [13] . In contrast, the N-termini of KASH-domain proteins are distinct in their primary structure and perform various cellular functions [7] .
From yeast to mammals, a conserved mechanism has been established, by which ONM KASH-domain proteins interact with INM-positioned SUN-domain family members in the PNS (reviewed in [8] ). Consequently, these physical 'bridges' provide a structural continuity between cytoplasmic and nucleoplasmic compartments [12, 14, 15] . Moreover, the associations with SUN-domain proteins are a prerequisite for the proper KASH-protein localization at the NE [12] .
KASH-domain proteins connect the ONM surface to cytoplasmic structures
KASH-domain proteins can be envisioned as the exclusive ONM cytoskeletal adaptors of the cell, mediating interactions with various cytoskeletal structures such as the centrosome, actin, IFs (intermediate filaments), MTs (microtubules) and MT-motor proteins. The physical anchorage of centrosomes to the nucleus is accomplished by Kms1p, ZYG-12 and klarsicht through dynein-mediated interactions [16] [17] [18] , whereas ANC-1, MSP-300 and nesprins-1/-2 anchor nuclei to the actin cytoskeleton [19] [20] [21] [22] . ANC-1, MSP-300 and nesprin-1/-2 giant isoforms constitute the largest (>800 kDa) molecules of the KASH domain and spectrin superfamily. Owing to their intrinsic homology with dystrophin, these proteins are regarded as the NE-anchored 'dystrophins' of the cell [9] .
The aforementioned giant proteins physically integrate the nucleus into the actin cytoskeleton through their N-terminally located α-actinin-type ABD (actin-binding domain), which is separated by a massive spectrin-repeat-containing rod from the highly conserved KASH domain [21, 22] . In contrast, nesprin-3 lacks the ABD and interacts via its N-terminal spectrin repeats with the IF-cytoskeleton through the cytoskeletal cross-linker plectin [23] . Moreover, plectin also associates with the MT-cytoskeleton [24] , suggesting therefore that nesprin-3 may also link the NE to MT filaments. Such molecular links have been also documented for nesprin-1 and nesprin-2 proteins, which are established through associations with the MT-motor protein apparatus. Nesprin-1 [also known as SYNE (synaptic nuclear envelope protein)-1] forms via its central rod segment complexes with the kinesin II subunit KIF3B, which function together in cytokinesis [25] . The nesprin-2 C-terminus associates at the NE, in contrast with the kinesin I motor protein complex (M. Schneider, S. Neumann, A.A. Noegel and I. Karakesisoglou, unpublished work). Interestingly, associations with the motor protein complexes have been proposed for nesprin orthologues in zebrafish as well. Dominantnegative interference of nesprin/SYNE in zebrafish affects the positioning of photoreceptor nuclei and results in a decreased photoreceptor survival [26] .
Nuclear migration, anchorage (positioning) and KASH-domain proteins
Nuclear positioning is an important cell-biological process established throughout evolution. This crucial event manifests cellular migration, cellular polarity, cell division and zygote formation. Consequently, it determines cellular architecture, tissue morphogenesis and development. Until now, three distinct protein families have been implicated in nuclear movement: the cytoskeleton, the motor protein apparatus and the KASH-domain proteins.
Instances of nuclear mobility involving microtubules, MT-associated proteins and MT-motor proteins have been described in a wide range of organisms. Dynein and its activator complex dynactin control, for example, nuclear migratory events in budding yeast, Drosophila and in syncytial hyphae of fungi [27, 28] . The loss of LIS1, a dynein and MT-binding protein, affects neuronal migration in humans during cerebral cortex development and causes lissencephaly (reviewed in [29] ). NudF, the LIS1 orthologue in Aspergillus is also involved in nuclear positioning [30] .
In some organisms or specific cellular processes, the orchestrated action of the MT and actin networks warrants nuclear mobility, whereas, in others, these cytoskeletal elements act individually [27, 31] . In Xenopus, the MT-and actinbinding Myo10, an unconventional myosin, facilitates nuclear anchoring and spindle assembly [32] . The co-ordinated action of formins, myosin, actin and the actin-binding protein Bud6, assembles Kar9 at the bud tip. Kar9 afterwards binds to the MT-plus-end-associated Bim1b, to facilitate the sliding of the daughter nucleus into the bud in S. cerevisiae (reviewed in [33] ). Similarly, nuclear positioning in algae and some plants is an actin-MT-dependent process. However, nuclear positioning is an actin-regulated process in Arabidopsis root hairs [34] .
ANC-1 loss in C. elegans affects nuclear migration and anchorage. In particular, when ANC-1 is lacking, nuclei clump together and do not reach their assigned destinations [20] . MSP-300 in Drosophila is required for embryonic muscle morphogenesis and the formation of embryonic muscle attachments [21] , whereas maternal MSP-300 appears to play an important role in actin-dependent nuclear anchorage during Drosophila oogenesis [35] . Furthermore, nesprin-1 KASH-domain-knockout and transgenic mice display nuclear anchorage defects, whereas the double nesprin-1/-2 KASH-domain-knockout mice die shortly after birth [36, 37] .
Nesprins-1/-2 are involved in the pathogenesis of EmeryDreifuss muscular dystrophies in humans [38] . Nesprin-1 mutations cause in addition cerebellar ataxias [39] . Until now, it was unclear whether such pathologies are due to defective nuclear migrations. Irrespective of that, these genetic studies collectively suggest an unequivocal role for nesprins and their orthologues in nuclear anchorage. Moreover, this mechanism is conserved from nematodes to insects and mammals. It is therefore not surprising that nesprin-2 mutants exhibit defects in both cell migration and cell polarity (Figure 1 ) [40] , considering that these cellular events are coupled with nuclear movement [41] .
Current models depict KASH-domain proteins as linear ONM proteins that extend into the cytoplasm and function as an 'NE Velcro' [8] . The later is unambiguously well documented and accepted in the nuclear biology field. However, several lines of evidence suggest that the former scenario may need some modifications. First, coimmunolocalization studies of the nesprin-2 giant N-and C-termini resulted in a similar staining pattern along the NE [42] . Secondly, the model does not accommodate recent functions which have been assigned for the nesprin-1 and nesprin-2 giant isoforms (>800 kDa). Current data indicate that these proteins are important nuclear architecture elements. In nesprin-2-giant-knockout cells, nuclei are heavily deformed and their mid-plane cross-sectional area is significantly increased [40] . Furthermore, human mutations in nesprin-1 and nesprin-2 affect NE integrity [38] . Such defects do not correlate well with current models, depicting nesprin macromolecules as radiating NE-sticks. Recent work in our laboratories may solve this conundrum. Strong experimental evidence indicates that nesprin-1/-2 ABDs interact directly with nesprin-3 (W. Lu, A.A. Noegel and I. Karakesisoglou, unpublished work). It should be noted that Note that in wild-type cells, the nesprin-2 giant is aligned along the nuclear surface and that its absence affects nuclear morphology.
the nesprin-1/-2 ABDs share high sequence homology with the plectin ABD, which also interacts with the N-terminus of nesprin-3 [23] . These associations suggest that nesprin-1/-2 giant isoforms are integrated with both N-and C-termini at the NE. On the basis of the fact that SUN-domain proteins form NE oligomeric lattices [43, 44] , these results imply the existence of a nesprin-based filamentous NE-juxtaposed basket. We hypothesize, when nesprin giant isoforms are lacking, that this network is compromised, thus resulting in NE deformations (Figure 2) . Nevertheless, we cannot exclude the possibility that the combined loss of such structures and the interruption of NE-cytoskeleton tethering in mutant cells accounts for the aberrant nuclear morphology.
The cytoskeletal landscapes of the NE are expanding
Over the last few years, additional evidence has emerged, indicating the presence of additional cytoskeletal scaffolding proteins at the ONM. Specific BPAG1 [bullous pemphigoid antigen 1, also known as dystonin or MACF (MT actincross-linking factor) 2] isoforms are targeted, for example, to the perinuclear region via an N-terminal transmembrane segment, which also associates with nesprin-3 [45, 46] . BPAG1, together with MACF1, is a member of the spectraplakin family (known as cytolinkers). These macromolecules (>600 kDa) cross-link the cytoskeleton and mediate its attachment to cellular membranes. Interestingly, MACF1, a known actin and MT filament cytolinker, associates in vitro through its N-terminal ABD with nesprin-3 [23] . Although endogenous MACF1 has not been identified so far at the NE, these associations suggest that nesprin-3 may integrate the actin and MT cytoskeleton along the NE. In addition, huntingtin, another large protein (350 kDa), localizes at the perinuclear region where it interacts with the MT network and the centrosome [47] .
Taken together, these data suggest the existence of a specialized cytoskeleton at the cytoplasmic interphase of the NE and the presence of several NE-cytoskeleton-attachment devices. In fact, a recent report indicates the presence of a novel actin pool surrounding the ONM [48] . The factors implicated in this event and the functions associated with perinuclear actin filaments are unclear. Nevertheless, it should be noted that ectopically expressed nesprin-2 constructs harbouring the Nterminal ABD, a small segment of the central rod and the KASH domain, are able to recruit actin filaments to the NE [10] . Also, the recent identification of emerin at the ONM [49] may account for the polymerization of actin on the cytoplasmic side of the nucleus. This has not been examined so far, because emerin was known as an exclusive INM protein. Therefore the ability of emerin to bind the actinpointed ends and its capacity to promote actin polymerization was proposed to contribute to the formation of nuclear actin structures within the nucleus [50] . On the basis of the new emerin topology, one would assume similar functions at the ONM. In addition to its actin-binding features, emerin associates also with β-tubulin and tethers the centrosome to the NE [49] .
What comes next?
Although the list of ONM proteins is expanding, the challenges to address their functional properties in vertebrates still remain. The majority of those proteins are encoded by very complex genes, which give rise to the largest cytoskeletal proteins of the cell. Nesprin research is, for example, hampered by their massive sizes (<1 MDa) and their enormous isoform diversity. Ultrastructural approaches to characterize these ONM-cytoskeleton-attachment devices will clearly add to our fundamental biological knowledge. Such basic science approaches are decisive, because we need to clarify their exact topologies and structures in order to understand their functions. Although we do not undervalue their capacities to participate in the communication of the cytoplasmic and nucleoplasmic compartments, we believe that their involvement in centrosomal tethering, nuclear motility and consequently cell polarity are of pivotal importance. These functions may hold the key to unravel the molecular events leading to fatal diseases such as premature aging. We hypothesize that the aforementioned functions may influence symmetrical and asymmetrical cell divisions and therefore affect the ability of stem cells to form, replenish and maintain tissues. Such thoughts are substantiated by a study which indicates that the absence of lamin A/C affects cell polarization [51] . Whether such defects arise because emerin, nesprins-1/-2, spectraplakins or other unknown ONM-tethering devices are affected will be the exciting and challenging question in the years to come.
